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Abstract: High-accuracy wind data for coastal regions is needed today, e.g., for the assessment of
wind resources. Synthetic Aperture Radar (SAR) is the only satellite borne sensor that has enough
resolution to resolve wind speeds closer than 10 km to shore but the Geophysical Model Functions
(GMF) used for SAR wind retrieval are not fully validated here. Ground based scanning light
detection and ranging (LiDAR) offer high horizontal resolution wind velocity measurements with
high accuracy, also in the coastal zone. This study, for the first time, examines accuracies of SAR
wind retrievals at 10 m height with respect to the distance to shore by validation against scanning
LiDARs. Comparison of 15 Sentinel-1A wind retrievals using the GMF called C-band model 5.N
(CMODS5.N) versus LiDARs show good agreement. It is found, when nondimenionalising with a
reference point, that wind speed reductions are between 4% and 8% from 3 km to 1 km from shore.
Findings indicate that SAR wind retrievals give reliable wind speed measurements as close as 1 km
to the shore. Comparisons of SAR winds versus two different LIDAR configurations yield root mean
square error (RMSE) of 1.31 ms~! and 1.42 ms~! for spatially averaged wind speeds.

Keywords: validation; SAR; coastal wind; scanning LiDAR; Geophysical Model Function; CMOD5.N;
SAR wind retrieval; wind energy

1. Introduction

Synthetic Aperture Radar (SAR) systems are remote sensing devices that measure radar
backscatter signals from the Earth’s surface to infer geophysical parameters. Over the ocean they
receive backscatter primarily from centimeter-scale Bragg waves. These small scale waves react quickly
to changes of the wind speed and render measurements suitable to infer wind speeds. The backscatter
signal is linked to a wind speed via Geophysical Model Functions (GMF) that are tuned to give winds
at 10 m height as an output, see Dagestad et al. [1] for an overview and state of the art references. Most
GMFs, including the C-band model (CMOD) family, are developed for scatterometers but application
for SAR systems is also possible. Satellite SAR winds are typically retrieved with pixel sizes on the
order of 0.5-1 km over image swaths up to several hundred kilometers wide. SAR wind fields at those
resolutions will represent the spatial variability of the wind [2]. Therefore, these measurements are
very suited for applications that need high spatial resolution over a large area, e.g., assessment of wind
resources necessary before building offshore wind farms.

Space borne SAR systems have been operational since the 1990s. The archive of SAR images
is growing fast, especially since the recent launch of the Sentinel-1 mission by the European Space
Agency, and updated GMFs have improved the wind retrievals over the years [3-5]. Most data utilized
to develop GMFs is available on the open ocean from ocean buoys and model data. GMFs today are
based on empirical fits to these data. Additional to wind, many other factors can influence small scale
waves on the ocean surface that are not accounted for in of the GMF. For example biological or oil
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slicks dampen Bragg waves [6], ocean currents locally change wave fields, and the bathymetry [7] also
influences the radar backscatter (for an overview, see Christiansen et al. [8]). The influence of those
effects can change when moving from the open ocean to the coastal zone.

Table 1 shows an overview of selected past studies validating C-band SAR winds in coastal
regions using meteorological masts [9-16]. Resulting Root Mean Square Errors (RMSE) ranged between
0.64 ms~! and 2.34 ms~!. These RMSEs are comparable to results from validation studies in the open
ocean using buoy data, scatterometer derived winds, atmospheric modelling [5,17-19] that ranged
between 0.65 ms~! and 1.76 ms~!. Large influences of the wind directions from land or from the sea
with high RMSEs above 2 ms 1 were found in Takeyama et al. [13] and Takeyama et al. [11] while
very little influence was found in Chang et al. [10]. Validation studies for coastal sites in Table 1 were
done with point measurements from meteorological masts and indicate that SAR can measure wind
speeds in the coastal zone. Nonetheless, such studies are based on single point in situ observations for
the validation. This does not allow for an estimation of the dependency of SAR wind retrievals to the
distance from the coast. In addition, the coastal gradient—manifested as a reduction of wind speed
when approaching the coastline from offshore—has not been validated from SAR retrievals.

Table 1. Overview of selected previous studies on the accuracy of C-band SAR wind retrievals.

Reference Samples Location RMSE (ms~1)  Sensor
Hasager et al. [9] 149 to 197 Denmark/The Netherlands 1.27 to 1.65 Envisat
Chang et al. [10] 552 South Chinese Sea 2.09 Envisat

Takeyama et al. [11] 42 Japan 0.75to 2.24 Envisat
Chang et al. [12] 522 East Chinese Sea 1.99 Envisat
Takeyama et al. [13] 33t073 Japan 0.64 t0 2.34 Envisat
Hasager et al. [14] 875 Baltic Sea 1.17 Envisat
Christiansen et al. [15] 91 Denmark 1.1to1.8 ERS2
Hasager et al. [16] 61 Denmark 09to1.14 ERS2

Accurate wind speed measurements from ground based Light Detection and Ranging (LiDAR)
have been available for some time. A laser emits a coherent infrared pulse and receives the backscatter
from small aerosols following the air flow. Due to the wind velocity in the direction of the laser beam,
the received signal has a Doppler shift and the line of sight wind speed can be determined [20,21].
LiDAR measurements are of high accuracy compared with well established measurements from
meteorological masts [20,22,23]. Recently, scanning LiDARs with ranges up to 8 km and the ability to
coordinate their scanning patterns became available [24]. Scanning LiDARs offer a combination of
high accuracy and good spatial resolution [25]. Therefore, scanning LiDAR measurements can be used
to validate the ability of SAR wind retrievals to estimate the coastal wind speed gradient. LIDARs
also offer high spatial and temporal resolution but need to be deployed in the area of interest while
space borne SAR can measure without locally installing equipment but with the disadvantage of low
temporal resolution depending on satellite overpasses. Both measurement techniques are promising in
their ability to study the flow in coastal areas.

Assessment of wind resources for the installation of offshore wind farms needs accurate
information on the wind speed. Most wind farms are placed within 50 km off the coast where
the marine boundary layer can still be affected by the coast [26]. Scatterometer and SAR retrieved
winds in combination are used for wind resource assessment, e.g., over the Great Lakes [27] and
Northern Europe [9,28]. High resolution wind speed measurements from SAR can show the coastal
horizontal wind speed gradient and validation of this ability will e.g., increase the value of SAR
measurements for wind resource assessment.

SAR is the only sensor in space that can retrieve wind speeds as close as a couple of hundred
meters to the coast but the dependency of the wind retrieval accuracies on the distance to shore is
unknown. Several studies have performed validations on single point measurements where the RMSE
varies and is mostly below 2 ms~!. A study to validate SAR wind retrievals in the coastal zone towards



Remote Sens. 2017, 9, 552 30f17

their ability to spatially resolve the wind gradient is missing. This study aims to bridge the validation
gap between offshore and coastal SAR retrievals by comparing SAR wind retrievals and scanning
LiDAR measurements for one coastal site. Additionally, a method is presented to compare SAR wind
retrievals and scanning LiDARs, taking into account intrinsic differences between the wind speed
measurement of both systems.

This study investigates the performance of SAR wind retrievals from Sentinel-1A for the first 5 km
from the coast line. Comparisons are made using scanning LiDARs—a ground based remote sensing
device for wind speed measurements that has recently become available. During the measurement
campaign “Reducing uncertainty of near-shore wind resource estimates using onshore LiDAR”
(RUNE), offshore wind speeds were measured from the shoreline up to 5 km offshore [29]. This
unique LiDAR dataset offers an opportunity to examine the validity and accuracy of SAR wind
retrievals in the coastal zone. LiDAR observations have been previously compared with SAR wind
retrievals but for an offshore region in the North Sea far from land [30]. The novelty of the current
study is the comparisons of SAR wind retrievals with reliable reference measurements for multiple
distances from the shore line. It is possible to determine if the accuracy of SAR wind retrievals has a
significant dependency on the distance to shore for the first few kilometers in the same study area.
Furthermore, it is possible to determine if SAR winds can represent the typical reduction of wind
speeds when approaching the coast. Such a validation study will help to utilize the full potential of
SAR, e.g., for offshore wind farm installation, by providing information on the validity of coastal wind
speed gradient measurements from SAR systems.

2. Materials and Methods

The focus of the RUNE experiment was on coastal winds. Several LIDARs and other instruments
were deployed to give detailed spatial and temporal information of the wind conditions. A detailed
description of the experiment can be found in Floors and Pefia [29]. Figure 1 shows the experimental
setup on the Danish West Coast. The map shows the location of the LiDAR devices, meteorological
mast and a transect perpendicular to the coast where the wind speed was reconstructed (hereafter,
the transect). The topography to the south is flat with some dunes at the beach. The northerly part has
a steep escarpment on the coastline and a small beach with regularly spaced wave breakers towards
the seaside. The transect starts at the position of two LiDARs (SC and P) where the terrain elevation is
26 m. The transect goes towards the West and LiDAR measurements are taken at several levels (see
Figure 2). The land is governed by fields, small hedges, distantly spaced houses and small villages.
The sea bed is sandy with a gentle slope interrupted by occasional sand banks.

2.1. Sentinel-1A SAR

Sentinel-1A from the European Space Agency (ESA) carries an active microwave C-band SAR
system on board. The satellite circumvents the Earth on a sun synchronous orbit, ascending around
6:40 and descending around 18:10 local time. Scenes in Interferometric Wide swath mode (IW) and in
Extra Wide swath mode (EW) in vertical co-polarization (VV) and horizontal co-polarization (HH) are
used. The resolution of the raw Sentinel-1A SAR image is up to 5 m [31] but the images are averaged
to 500 m x 500 m pixel size before the wind retrieval to reduce artefacts from inherent speckle noise
and changes in the local incident angle caused by long period waves. For this study 15 SAR images
from Sentinel-1A were collected during the RUNE campaign between December 2015 and February
2016 and processed into wind maps. The images include a small region of 20 km? on the west coast
of Denmark (west of 56.50°N, 8.12°E, see Figure 1) where scanning LiDAR wind measurements over
water were available. Table 2 shows an overview of image parameters for each case. The structure of
the GMF CMODA5.N is presented in Equation (1) [5,32].

2 1/p
oo(v,¢,0) = By(v, ) <1 + Z Bk(v,G)cos(kq§)> (1)
k=1
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Figure 1. (a) Position of the RUNE experiment at approximately 56.50°N, 8.12°E in the Norther Sea
on the West Coast of Denmark. Coordinates of the map are in UTM32 WGS84. The transect for the
reconstructed LiDAR wind speeds is shown as a dotted line. Positions of the measurement devices are:
H: Tall meteorological mast at Hevsere, DD1 and DD2: scanning LiDARs performing dual Doppler
scans (example of coordinated measurements on the transect in dashed lines), SC: scanning LiDAR
performing sector scans and profiling LIDAR P. (b) Picture of the deployed scanning LiDAR (SC) and
profiling LiDAR (P) for the RUNE experiment. Photo by Mike Courtney.

Table 2. SAR images available with at least one collocated LiDAR scan. The time is given in UTC.
Polarization (Pol.) of the images, Modes: EW for extra wide swath and IW for interferometric wide
swath, Orbit: D for descending and A for ascending. 6 is the approximate incidence angle for the
investigated area.

Case Date Time Pol. Mode Orbit 6(°)
1 7 December 2015 17:.09 HH EW D 37
2 9 December 2015 05:40 VV EW A 43
3 12 December 2015 17:17 VV W D 44
4 14 December 2015 05:48 HH EW A 36
5 26 December 2015 05:48 HH W A 36
6 31 December 2015 05:56 HH W D 27
7 31 December 2015 17:09 HH I\ D 37
8 12 January 2016 17:.09 HH EW A 37
9 19 January 2016 0548 VV EW A 36
10 26 January 2016 05:40 VV EW D 43
11 29 January 2016 17:17 HH EW D 44
12 5 February 2016 17:.09 HH EW D 37
13 12 February 2016 ~ 05:48 VV I\ A 36
14 17 February 2016 ~ 17:09 HH 1\ D 37
15 29 February 2016 ~ 05:57 HH EW A 27

The normalized radar cross section oy is a function of the wind speed at 10 m v, the angle
between radar look direction and wind direction ¢, and the incidence angle 6. By and B, are functions
including the tuning parameters of the model and in the exponent p is 0.625. For wind speed
retrievals Equation (1) is inverted numerically. CMOD5.N is developed for VV polarized images
and a polarization correction for HH polarized images is applied [33]. At the Technical University
of Denmark (DTU), 10 m SAR wind maps are produced using the SAR Ocean Products System
(SAROPS) [34].
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Wind Direction Input for SAR Wind Retrieval

SAR wind speed retrievals with GMFs need the wind direction as an input. The retrieval algorithm
can be very sensitive towards the wind direction input depending on the angle between the wind
velocity vector and the radar look angle. Estimation of wind direction from the SAR image itself
is possible [35], but for operational wind speed retrievals, the wind direction inputs are typically
obtained from global models [34]. For the investigated period several wind direction measurements
are available. Local wind direction measurements are used for the SAR wind retrieval in this study.

2.2. LiDAR Measurements

2.2.1. Scanning LiDARs

Three long range scanning LiDARs (Windcube200 using a wave length of 1543 nm) were deployed
on the coast line at position DD1, DD2, and SC in Figure 1. Devices, software, and wind speed
reconstruction are described in Vasiljevi¢ et al. [24]. The RUNE experiment was designed to study
the development of the coastal marine boundary layer and scan patterns were optimized for that
purpose. The LiDARs were set up to perform two types of scans; one LiDAR performs sector scans,
two LiDARs perform coordinated dual Doppler scans and a detailed description of the measurements
is available [29,36]. Averages of 10 min, are used for this study and the LiDAR measurements are
treated as point measurements at the reconstruction points. A brief description of the scans used for
this study follows:

The scanning LiDAR at position SC performs sector scans over a 60° arc at three elevations with
three inclinations (see Figure 4 in Floors and Pefia [29]). The wind speed is reconstructed at the dotted
line in Figure 1. A vertical cut through the transect is shown in Figure 2 with the lowest two inclinations
of 0.27° (SC level 1) and 0.54° (SC level 2). The height of SC level 1 used in this study is 26 m at the
coast line and increases linearly to 50 m at 5 km offshore. For two cases, the scanner was scanning
horizontally at a fixed elevation of 26 m.
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5 7l eemen-- DD 50M ™y e P
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40¢ : 1
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Figure 2. Sketch of the scan patterns of the transect in Figure 1 with the ocean on the left and the
escarpment on the right. Indicated in black is the lowest sector scan (SC) and in dashed black the lowest
elevation of the dual Doppler (DD) at 50 m above the sea. In gray the second elevation of SC and DD
(only used for example cases in Section 3.4). Horizontal scans as in cases 14 and 15 are not shown.

Two scanning LiDARs at position DD1 and DD2 performed temporal and spatial coordinated
dual Doppler scans at the transect (Figure 1). The horizontal wind speed is reconstructed from two line
of sight velocities on the transect at 50 m and 100 m as shown by the dashed lines Figure 2 (A detailed
overview can be found in Figure 4 in Floors and Pefia [29]).

2.2.2. Profiling LiDAR

A vertically profiling LiDAR (Windcube v2 pulsed LiDAR) was placed at position P on the
coastline at 26 m elevation. The performance of this type of profiling LiDAR has been extensively
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tested against data from meteorological masts, e.g., Pefia et al. [20]. The LiDAR measures wind profiles
from 40 m to 300 m and 10-min averaged data from this instrument is used for this study. The wind
direction input for the SAR wind retrieval is taken from the 10 min mean wind direction at 50 m height.

2.3. Meteorological Mast

DTU has a test center for tall wind turbines at Hovsere including a 116.5 m tall meteorological mast
equipped with cup anemometers, wind vanes, sonic anemometers and temperature measurements [37].
It is located 6 km south of the central scanning LiDAR position SC (position H in Figure 1). The mast
provides averaged profiles of wind speed, wind direction, and temperature. An important parameter
determining the characteristic of the wind profile is the atmospheric stratification characterized by the
Obukov length, see e.g., Wyngaard [38]. The Obukov length L is defined as:

.
u20
L=-—2L ()
kg w o,
1/4
72 R -
where u, = (u'w/ +J'w is the friction velocity, w'0;, the vertical sensible heat flux, g the

gravitational constant and « the von Kadrman constant. 30-min time series are used to calculate the
Obukov length L.

2.4. Available Cases

For the period from December 2015 to February 2016, 32 Sentinel-1A images are available. Of these,
four images coincide only with sector scan data, 3 only with dual Doppler data, and 8 with both Dual
Doppler and sector scan data. Table 2 shows an overview of the SAR image properties for the 15 cases
where SAR and LiDAR observations are collocated and Table 3 shows the meteorological conditions.
The conditions tended to be stable with 4 neutral, 2 stable, and 8 very stable cases. No stability class
was available for Case 9.

Table 3. Table of all cases with available SAR image and LiDAR measurements: dual Doppler (DD) and
sector scans (SC), cases 14 and 15 have horizontal scans at 26 m. Wind speed (Up(50 m)) and direction
(WDp(50 m)) from the LiDAR at position P. Stability expressed in the Obukov length L is classified at
the Hovsore met mast at 40 m: L < 100 m very stable, 100 m < L < 500 m stable, |[L| > 500 m neutral.
Case 4 has wind speed and direction taken from Hevere and the stability interpolated between 10 m
and 60 m. For case 9 stability information was not reliable due to wind turbine wakes.

Case DD SC Up(50m) (ms~') WDp(50m) (°) Lyg(d0m)(m) Stab Class

1 X 7.5 148.5 40 very stable
2 X 13.6 277 1320 neutral

3 X 5.2 234 123 stable

4 X 4.7 H:167 50 very stable
5 X X 5.0 80 31 very stable
6 X X 13.0 149 —1480 neutral

7 X 10.0 205 46 very stable
8 X X 10.5 56 596.5 neutral

9 X X 7.3 347 - -

10 X X 11.5 264 175 stable
11 X X 19.0 250 1001 neutral
12 X X 10.0 213 53 very stable
13 X X 6.4 40 39 very stable
14 X 8.3 141 41 very stable
15 X 4 133 43 very stable
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2.5. Method for Comparing SAR and LiDAR Data

The previously described scanning LiDAR measurements are of high accuracy [24] and are used
as the reference for the SAR wind retrievals. Comparisons with meteorological mast measurements
before the RUNE experiment yielded 0.1% error for the dual Doppler and 0.2% error for the sector
scans [39]. Comparisons between the LiDAR scans and the SAR retrievals need to incorporate intrinsic
averaging processes in the data acquisition, which depend on the measurement device. Long range
scanning LiDARs measure the wind speed in a thin control volume of approximately 100 m length [21]
and the backscatter, due to a volume of particles, is received. SAR winds are calculated from the
averaged normalized radar cross section of a 500 m grid cell and therefore the resulting wind speed
is similar to a 2D spatial average of the wind speeds within this cell. Backscatter from each SAR
resolution cells is measured for a few seconds rendering it an instantaneous measurement. Wind speed
measurements from SAR and scanning LiDARs generally have a vertical, horizontal and temporal
displacement that needs to be addressed.

2.5.1. Vertical Displacement

All LiDAR measurements from the sector scan and dual Doppler are above 10 m. Assuming that
these measurements are within the surface boundary layer allows the use of wind profiles in order to
extrapolate the measurements to 10 m. Wind profiles in the surface layer are valid for ensemble mean
wind speeds [38]. Therefore, 10 min averages of the wind speeds are used.

In lack of a reliable stability measure at the offshore transect, logarithmic wind profiles for neutral
stratification are applied. In order to account for the changing roughness of water with the wind speed,
the Charnock’s relation is included. Extrapolation from the LiDAR measurement height z;,par is
performed using the following set of equations:

Uy 10 m
U(10m) = KLog( % > 3)
U(zLipAR) = 7L08 (Lf(;w) 4)
2
K>
z0 = )
T g

Here U(zipar) is the mean wind speed at height of the LIDAR measurement, U (10 m) is the
mean wind speed at 10 m, u, is the friction velocity, g the gravitational constant, x = 0.4 is the von
Kérman constant, and z the aerodynamic roughness. The Charnock parameter «, is often described
as a function of wind speed or wave parameters and it is often used in the range between 0.011 and
0.018 [40]. The 50 m dual Doppler level and first level of the sector scan, between 26 m and 50 m,
as shown in Figure 2 are extrapolated down to 10 m. Extrapolations to 10 m from this method have
uncertainties but it is a standard method applied in lack of accurate stability information offshore for
all cases, as e.g., in Chang et al. [10], Hasager et al. [14].

2.5.2. Temporal and Horizontal Displacement

Wind speeds at a point can change quickly over time due to their turbulent nature. Therefore,
comparisons between measurement devices should be averaged over the same time period. LIDAR
measurements are averaged over 10 min and SAR wind retrievals give an almost instantaneous wind
speed. This difference is usually addressed by spatially averaging SAR winds around the in LIDARsitu
measurement with a box window [17,41] or more advanced footprint averaging methods [16].
Rectangular averaging bins centered around the LiDAR transect with R perpendicular to the
coast (East-West) and R,;o,4, parallel to the coast (North-South) are applied for this study. Figure 1
shows one rectangular bin of Regst and R,y for the averaging of the SAR wind retrievals as an
example. The LiDAR measurements on the transect shown in Figure 2 are also averaged in bins with a
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length of Reas¢. This study aims to show the ability of SAR to measure horizontal wind speed gradients
correctly. Therefore, it is necessary to keep a high resolution perpendicular to the coast along the
transect. Regst is set to 500 m corresponding to one SAR resolution cell, resulting in ten bins over
the transect.

Figure 1 shows that the coastline is straight from South to North with a steep escarpment.
Therefore, the wind speed is considered homogeneous along the coast line and averaging should not
introduce a systematic bias. To test this assumption and to find a compromise between averaging
and horizontal displacement between LiDAR and SAR measurements, a sensitivity test of R,y is
performed. The difference between the closest SAR resolution cell to the center of each bin ug R c1osest,
and the bin averaged SAR wind speeds using an area of R, by Resst are calculated using the
following equation,

AU = USAR,closest — Ebm;\l]SARll (6)
where ug g ; is the wind speed in each resolution cell and N the number of resolution cells within
each bin. In order to avoid contamination from land, only the SAR image bins from 1.5 km to 5 km
distance to shore are used. Table 4 shows how the number of SAR resolution cells used for averaging
increases with R,,,,s,. The mean (AU) and the absolute mean (|AU|) of all values are calculated
from Equation (6). (AU) is small compared to the retrieved wind speed for all R,,,j,, supporting the
assumption of flow homogeneity along this coast. Spatial averaging takes variability in the wind
speed into account and makes the SAR winds more comparable to 10-minute mean wind speeds.
The absolute mean differences (|AU|) indicate how much fluctuations of the SAR wind are included
in each averaging bin. The largest change occurs from 1 to 2 cells. Since it is desired to include these
deviations from g R cjosest, choosing R,,o,, between 1 km to 2 km is a good compromise for averaging
SAR wind speeds and considering the horizontal displacement between SAR and LiDAR measurement.

Table 4. Influence of the bin size R, along the coast on the average of the SAR wind retrieval.
Number of SAR resolution cells included, mean and absolute mean of the differences from SAR
winds only. The RMSE is given for preliminary comparisons of SAR and dual Doppler.

Ryorth - 1km 15km 2km 3km
Cells (-) 1 2 3 4 6
(AU) (ms™1) - —-0.01 —-0.02 —-0.03 —0.04
(aU]) (ms™1) - 0.18 0.21 0.24 0.28

RMSE (ms~1) 153 145 141 142 143

Lastly, the RMSE in Table 4 is the RMSE between dual Doppler and SAR compared in each
averaging cell. Including one SAR resolution cell corresponding to no averaging gives the largest RMSE.
The effect of including more SAR resolution cells is small between 1 km and 3 km. R;,;,4; = 1.5 km is
used in the remaining part of this study.

3. Results

As a starting point, SAR and LiDAR wind speeds are compared over the transect to determine if
SAR winds show a systematically different behaviour over the distance to shore (Figure 3). Averages
of the wind speed for each case are presented to show an overall comparison in a scatter plot (Figure 4).
Thereafter, the mean wind speed from SAR and LiDAR systems are calculated to determine the coastal
gradients measured from both systems (Figures 5 and 6). Lastly, three cases are presented in more detail
to illustrate possible challenges when comparing SAR and scanning LiDAR wind speeds (Figure 7).
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3.1. Differences over the Transect

Differences in the wind speeds from SAR and scanning LiDARs are shown in Figure 3. SAR wind
retrievals closest to the coast at —500 m have considerable deviations, possibly from reflections of
hard targets that are not usable for wind speed retrievals. The scanning LiDARs have ranges of less
than 5 km for most cases and therefore the number of observations N decreases when going further
offshore. For all cases both LiDAR systems give wind speed measurements from 0 m to —3000 m.

For the comparisons with the dual Doppler in Figure 3a, the SAR wind retrieval measured less
wind speed than the LiDAR over the entire transect. The mean differences are constant from —1000 m
to —3000 m and increase afterwards with decreasing sample sizes. The standard deviation in each
bin is almost constant between —1000 m and —3000 m. Mean differences in the bins between SAR
and LiDAR are small over the entire transect for sector scan and SAR comparisons in Figure 3b. The
spread in the differences has a tendency to be increasing with the distance from the coast. Possible
explanations are the decreasing sample size and the change in the measurements height of the sector
scan. Ten out of these 12 cases are measured with a slight inclination of the LiDAR (see Figure 2).
Measurements at —1000 m are at 30 m elevation while the measurement height increases with the
distance to the coast line to 50 m at —5000 m. Increasing extrapolation height compared to 10 m
increases associated uncertainties and is assumed to explain part of the increasing spread with the
distance to the coast. Mean bias and standard deviation from Figure 3 indicate that SAR and LiDAR
give meaningful comparisons from —1000 m and further offshore.

N [-]
rO M OON

N [-
»O #q;|l\)

Usar-Upp[m/s]

Usar-Usc[m/s]
o

-2

_aL : : : : _4bs ; : : :
-5000 -4000 -3000 -2000 -1000 0 -5000 -4000 -3000 -2000 -1000 0

easting [m] easting [m]

Figure 3. Difference between SAR wind and scanning LiDAR wind measurements at 10 m. The
distances on the transect are given in easting from the LIDAR system SC in Figure 1 located on the coast.
0 m is on the coast line and with decreasing easting, points are located further offshore. Individual
cases are plotted in gray: (a) 11 cases with the dual Doppler and (b) 12 cases with sector scans. The
thick black line is the mean over all cases with error bars indicating one standard deviation within each
bin. The top plots show the number of available LIDAR measurements at each distance.

Table 5 summarizes biases and standard deviations over all bins. For both systems there is a bias
towards lower wind speed in the SAR wind retrieval. The bias compared to the dual Doppler over all
bins is —0.57 ms~!. The sector scan comparisons have a lower overall bias of —0.17 ms~! with almost
no bias until —3000 m.
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Table 5. Mean bias and median, minimum and maximum standard deviations for binned wind speed
differences between SAR and scanning LiDARs in Figure 3 for dual Doppler and sector scan.

Mean Bias (ms~!) Median STD (ms—!) Min STD (ms~!) Max STD (ms 1)

DD -0.57 1.30 1.07 1.62
SC —-0.17 1.47 1.17 1.98

3.2. Spatially Averaged Wind Speed

The average of SAR and scanning LiDARs wind speeds is taken respectively for each case from
—1000 m until the maximum range available. This results in a single averaged wind speed over the
transect for SAR and LiDAR measurements. Figure 4 shows the resulting scatter plots using the dual
Doppler and the sector scan. The RMSE is 1.31 ms~! for the dual Doppler and 1.42 ms~! for the sector
scan. The averaged wind speeds are between 4 ms~! and 10 ms~! for most cases and only one case
has wind speeds as high as 16 ms~!. Data from Table 3 are used to classify the cases by wind direction
and atmospheric stability. Case 2 and 11 have neutral conditions at the mast location with onshore
winds and are indicated with black markers. For those cases the assumption of neutral stratification
and horizontal homogeneity used for the extrapolation of LIDAR wind measurements are best met
and wind speeds from SAR and LiDAR agree within 0.5 ms~!. RMSEs for onshore and offshore cases
range between 1.27 ms~! and 1.58 ms~! (see Figure 4). Case 6 has a neutral stability class and shows
large deviation, heavily affecting the offshore RMSEs.
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Figure 4. Scatter plot for the average wind speed on the transect for SAR wind retrieved with CMOD5.N
for (a) dual Doppler and (b) sector scan. Plot markers indicate the wind direction at the profiling
LiDAR P, onshore for winds from the sea in the west between 180° and 360° and offshore for wind
from the land between 0° and 180° . Numbers indicate the case numbers in Tables 2 and 3.

3.3. Ensemble Averaged Wind Speed

Transects of the mean wind speed from SAR and LiDAR calculated for all cases are shown in
Figure 5. In order to exclude the influence of sample size within each bin, LIDAR measurements
are only plotted until —3000 m where all LiDAR systems are available for all cases (see Figure 3).
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The difference between the two SAR wind transects (SAR DD cases and SAR CS cases) is caused by
averaging over a different subset of cases from Table 3. Horizontal mean wind speed gradients are
present in the scanning LiDAR data and SAR wind, generally with increasing wind speeds when
moving further offshore. The absolute magnitude between dual Doppler and SAR DD cases has an
offset as expected from the bias in Figure 3. Sector scans and the respective SAR SC cases agree within
0.2ms 1.

—e— SARDD cases --2-- SAR SC case ----#--- DD =--o--- SC

®
3

®
o

Utom [m/s]

N
3

7.0

-5000 -4000 -3000 -2000 -1000 0

easting [m]

Figure 5. Mean 10 m wind speed for all cases from dual Doppler and sector scans and the mean of the
collocated SAR wind speeds.

In order to get a qualitative estimate of how SAR and LiDARs are measuring the horizontal wind
speed gradient, the wind speeds in Figure 5 are nondimensionalized. Wind speeds in each bin from
SAR and LiDAR measurements in Figure 5 are divided by their respective wind speed at —3000 m.
The nondimensional dual Doppler wind speed in Figure 6a shows a lower gradient than the SAR wind.
The nondimensional wind speed in Figure 6b is very close for sector scan and SAR winds, and both
systems similarly estimate a relative reduction of the wind speed when approaching the coast.

—e— SAR DD cases --2-- DD —e— SARSC case --4-- SC

102
1.00 bt
0.98
0.96
0.94
0.92
S A S SN SO N— Y0 Tt S SRS PSS Se—
~3000 ~2500 ~2000 —1500 1000 ~500 0 ~3000 ~2500 ~2000 —1500 1000 500 0

easting [m] easting [m]

Figure 6. Relative wind speed nodimensionalized with the wind speed at —3000 m for from the LiDAR
and the SAR for (a) the dual Doppler and (b) the sector scans.

3.4. Example Cases

Three cases are selected as examples of how SAR and scanning LiDARs measure horizontal wind
speed gradients in Figure 7. These examples illustrate some of the issues with extrapolating LIDAR
wind measurements down to 10 m. Additional to the lowest level used in Figures 3 to 6, extrapolations
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from the 100m dual Doppler and the second sector scan level are used, see Figure 2. Cases are chosen
according to wind direction and stratification. Case 10 and 11 have onshore winds with neutral and
stable stratification at the mast location respectively. For case 6 the wind direction is offshore and the
stratification is neutral. This case also has a large influence on the overall RMSE. Their position in the
scatter plot is shown in Figure 4.

Case 11 has onshore winds with a direction of 250° and neutral stratification at the mast location.
Figure 4 shows that SAR and both LiDAR system agree well when averaged. Figure 7 shows that
extrapolated 10 m mean wind speeds agree between all systems and scanning levels. Wind speeds
from SAR give lower wind speeds but mostly agree within 1 ms~!. Especially, both sector scan levels
and the 50 m dual Doppler level are in good agreement with the SAR wind speeds. This suggests
that the assumptions of a logarithmic wind profile are indeed valid for this case. Coastal wind speed
gradients are similar and present for all systems.

Case 10 in Figure 7 has a wind direction of 264° which is similar to case 11 but the stratification
is stable at the mast location (see Table 3). SAR winds and the LiDARs disagree with differences
up to 3 ms~!. Moreover, both sector scan levels indicate a strong horizontal wind speed gradient,
while the dual Doppler measurements suggest a much lower gradient. Extrapolations from 50 m and
100 m disagree with an offset around 1 ms~!. Stable stratification can explain both of these behaviours.
Applying a neutral wind profile in stable conditions to extrapolate down to 10 m overestimates this
wind speed. This overestimation increases with a growing extrapolation height. The sector scan
at the lowest elevation at —1000 m with approximately 30 m has the lowest difference of 1 ms~!
compared to the SAR (for elevation of the scans, see Figure 2). Application of a stability correction with
a reliable stability estimation would likely improve the results. Case 12 has a very similar behaviour
(not shown here).

Case 6 in Figure 7 has offshore wind directions of 149° . Extrapolation to 10 m for all LiDAR
systems with measurement heights between 30 m and 100 m agree within 1 ms~! after extrapolation
to 10 m. The disagreement between SAR and the LiDARs ranges between 2 ms~! and 3.5 ms™ 1.
SAR winds and LiDARs are showing a similar horizontal gradient with a reduction of approximately
1.5 ms~! from —5000 m compared to —1000 m. The assumption of neutral stratification for the
application of a logarithmic wind profile is assumed valid in this case but the assumption of horizontal
terrain homogeneity is violated due to the change of surface roughness between land and sea. An
equilibrium layer grows with approximately 1/200 from the place of the roughness change under
neutral conditions [42,43] but the height of an internal boundary layer can grow much faster in the
order of 1/10 [44]. With the coastline in Figure 1 following a South-North direction the internal
boundary layer should have already grown to the measurement height of the LIDARs for the points
further offshore. Internal boundary layers are unlikely to cause large errors for the LIDAR extrapolation
in this case.

The SAR image of case 6 is taken at an incidence angle of 27°. The entire transect lies within
the first subswath of Sentinel-1A’s EW mode as shown in Figure 8. This SAR wind map has clear
discontinuities in range direction between subswaths, most notably between the first and the second
subswath going from East to West. These discontinuities in the wind speed are likely due to insufficient
calibration. Other SAR images in this study do not suffer from these pronounced discontinuities.
Adding a constant of 0.033 to the normalised radar cross section in the first subswath would remove
the discontinuity to the second subswath. This very simple way of adjusting the backscatter results in
approximately 2.2 ms~! higher wind speed retrieval on the transect and removes most of the offset in
case 6 as shown in Figure 7. Using this SAR wind speed would reduce the RMSE in Figure 4.
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Figure 7. Wind speeds extrapolated to 10 m from the dual Doppler (DD) and sector scan (SC) and
SAR wind speeds. Additionally, to the extrapolation from the lowest level, as used for Figures 3 to 6,
extrapolations from the 100 m level for the dual Doppler and the second lowest level of the sector scans
are included (see Figure 2). Cases 6, 10 and 11 from Tables 2 and 3 are shown. SAR winds are in thick
black and scanning LiDAR measurements in thin gray. For case 6, the thick gray line shows the SAR
wind retrieval with an adjusted normalised radar cross section, in order to remove discontinuities from
Figure 8.
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Figure 8. Extra Wide Swath mode SAR wind map for case 6. Wind direction inputs are taken from
a global GFS model with 0.25° resolution and 6 h time steps rather than a fixed wind direction. The
black star indicates the position of the RUNE experiment and the entire campaign area lies in the first
subswath furthest East.
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4. Discussion

This study shows the results of 15 SAR Sentinel-1A scenes processed to maps of equivalent
neutral wind speed and compares them to scanning LiIDAR wind measurements. Comparison of SAR
and LiDAR measurements is challenging because of intrinsic differences between the measurement
techniques. Horizontal and temporal displacement of SAR and LiDAR measurements have been taken
into account, finding a compromise between local homogeneity of the flow and the need for additional
spatial averaging. Spatial averages over the transect for each case from LiDAR wind measurements
and SAR wind retrievals yield an RMSE of 1.31 ms~! for the dual Doppler set up and 1.42 ms~! for the
sector scans, which is in the range of studies using measurements from meteorological mast with larger
sample sizes in Table 1. Wind directions from land or from sea seem to have little influence on the
RMSE of the comparisons, similar to e.g., [10]. The wind direction over the entire SAR image deviates
locally from the assumed constant 10-min average used for the retrieval. Local measurements of the
wind direction have shown to have lower RMSEs compared to other methods [11,15]. Comparisons of
the input wind direction with the scanning LiDAR wind directions yield up to 10° difference.

Unlike previous validation studies in coastal areas [9-16], the use of scanning LiDARs made
comparisons to SAR wind speeds on a transect possible. The effect of currents, waves and limited
fetch on e.g., the Charnock parameter in coastal waters has not been taken into account in this study.
Results in Figure 3a show that the mean difference and standard deviation within each bin are similar
as long as the number of available samples is constant. Between —3000 m and —5000 m the decreasing
sample size influences the results. Figure 3b shows that the standard deviation within each bin
decreases when approaching the coast. This is likely caused by a decreased extrapolation uncertainty
associated with lower measurement heights of the sector scans shown in Figure 2. SAR wind retrievals
with CMODG.N are in good agreement with scanning LiDAR wind measurements as close as 1 km to
the coast.

Coastal gradients are visible, both in SAR wind speeds and scanning LiDAR measurements.
The absolute value of the ensemble averaged wind speed can deviate between SAR and scanning
LiDAREs, see Figure 5. One reason for the bias is likely a calibration issue as seen from case 6 in Figure 7,
where removing the discontinuity from the first to the second subswath rectifies the bias in wind speed.
Nondimensionalizing the transects reveals that the relative reduction in wind speed is similar between
SAR and LiDAR, see Figures 5 and 6. The relative mean wind reduction from 3 km to 1 km offshore
is 7% and 4% for SAR and dual Doppler respectively. Some of this difference can be accounted to
differences in the measurement height of SAR (on the ocean surface) and the dual Doppler (at 50 m).
Horizontal mean wind speed gradients become less pronounced with the measurement height for this
location and time period, see Figure 15 in Floors et al. [36]. A reduction of the mean wind speed by 8%
from 3 km to 1 km offshore is observed for SAR and sector scans with very good agreement.

This site in Northwestern Denmark has a simple topography, but a steep escarpment makes it
representative for many coastal areas with such features and simple coastal geometry. The period
over the winter of 2015/2016 was particular windy at this location [29] and the stratification of the
atmosphere was either neutral or stable for the presented cases. For 12 of the 15 cases wind speeds at
10m height range between 4 ms ! and 10 ms~! and no case exceeding 16 ms~! is present in the data.
Therefore, results are representative for these atmospheric conditions.

A portion of the difference between SAR and LiDAR wind speeds can likely be accounted by
the vertical extrapolation. Using logarithmic wind profiles causes erroneous extrapolations of wind
speeds at 10 m, as shown in the example case 10 in Figure 7. This is supported by two cases where
assumptions from the logarithmic wind profile are fulfilled; there SAR wind retrieval and LiDAR
measurements agree within 0.5 ms~!, see Figure 4. The atmospheric stratification was either neutral or
stable for the cases examined here while CMODS5.N and the logarithmic extrapolation assume neutral
conditions. The error from extrapolation in this study will not systematically improve the results, since
it introduces a bias compared to in situ measurements [45,46]. The estimated RMSE should therefore
be seen as a conservative estimate for the presented cases.
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The energy density of the wind scales approximately with the cubed mean wind speed, making
the energy yield of wind turbines very sensitive to the wind speed. Therefore, the quantification
of pronounced horizontal wind speed gradients in the coastal zone is extremely important for the
placement of offshore wind farms. The value of SAR derived wind resource maps largely depends on
the validity close to shore according to Hasager et al. [9] and Hasager et al. [14]. This validation study
further supports the use of SAR wind retrievals for wind resource mapping in coastal waters.

5. Conclusions

Sentinel-1A SAR wind retrievals with CMOD5.N from the coastline up to 5 km offshore have been
compared to scanning LiDAR wind measurements in the Northern Sea on the Danish West Coast, for
the first time showing how LiDAR and SAR measure typical wind speed reduction when approaching
the coast from offshore. Differences between spatially averaged wind speeds are comparable to
validations with point measurements found in previous studies. Results indicate that C-band SAR
wind retrievals are accurate as close as 1 km from the coastline where reflections start to affect the
scattering from the ocean surface. Changes in the wind speed over the distance from shore are detected
by both SAR wind retrievals and LiDAR. The relative reduction between 3 km and 1 km offshore in
the wind speed is 7% to 8% from SAR and 4% to 8% for the LiDARs. These results support the use
of SAR to identify coastal wind speed gradients, which are important for many applications such as
offshore wind energy planning, ship traffic, and harbour management.

Scanning LiDAR technology will be used further in the future to study the transition of
atmospheric boundary layers at the coastline. This could lead to further validation studies of coastal
SAR wind retrievals for more sites, and different coastal geometries.
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